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Summary

Recently, we showed that homozygosity for the common
677(CrT) mutation in the methylenetetrahydrofolate
reductase (MTHFR) gene, causing thermolability of the
enzyme, is a risk factor for neural-tube defects (NTDs).
We now report on another mutation in the same gene,
the 1298(ArC) mutation, which changes a glutamate
into an alanine residue. This mutation destroys an MboII
recognition site and has an allele frequency of .33. This
1298(ArC) mutation results in decreased MTHFR ac-
tivity (one-way analysis of variance [ANOVA] P !

), which is more pronounced in the homozygous.0001
than heterozygous state. Neither the homozygous nor
the heterozygous state is associated with higher plasma
homocysteine (Hcy) or a lower plasma folate concen-
tration—phenomena that are evident with homozygosity
for the 677(CrT) mutation. However, there appears to
be an interaction between these two common mutations.
When compared with heterozygosity for either the
677(CrT) or 1298(ArC) mutations, the combined het-
erozygosity for the 1298(ArC) and 677(CrT) muta-
tions was associated with reduced MTHFR specific ac-
tivity (ANOVA P ), higher Hcy, and decreased! .0001
plasma folate levels (ANOVA P ). Thus, combined! .03
heterozygosity for both MTHFR mutations results in
similar features as observed in homozygotes for the
677(CrT) mutation. This combined heterozygosity was
observed in 28% (n ) of the NTD patients com-5 86
pared with 20% (n ) among controls, resulting in5 403
an odds ratio of 2.04 (95% confidence interval: .9–4.7).
These data suggest that the combined heterozygosity for
the two MTHFR common mutations accounts for a pro-
portion of folate-related NTDs, which is not explained
by homozygosity for the 677(CrT) mutation, and can
be an additional genetic risk factor for NTDs.
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Introduction

Meningo(myelo)cele, encephalocele, and anencephaly
are the most common severe congenital malformations.
These malformations arise because of failure of closure
of the neural tube and are designated as neural-tube
defects (NTDs). Periconceptional folate administration
reduces the occurrence, as well as the recurrence risk, of
NTDs (Medical Research Council [MRC] Vitamin Study
Group 1991; Czeizel and Dudas 1992). Both genetic and
environmental factors, such as maternal vitamin status,
have been proposed to affect the risk for NTDs (Copp
et al. 1990).

Homocysteine (Hcy) is a sulphur amino acid formed
by demethylation of the essential amino acid methionine,
and it can be irreversibly degraded by cystathionine ß-
synthase (CBS). Alternatively, Hcy may be remethylated
to conserve methionine, a process requiring an adequate
function of several enzymes. Methionine synthase (MS)
remethylates Hcy in the presence of methyl-cobalamin
(Me-Cbl) as a cofactor and the cosubstrate 5-methyl-
tetrahydrofolate (Me-THF). Production of Me-THF re-
quires both an adequate supply of reduced folate and
proper function of the enzyme methylenetetrahydrofol-
ate reductase (MTHFR). Dysfunctional enzymes or in-
adequate amounts of cofactors may therefore result in
elevated concentrations of Hcy.

We and others have demonstrated that elevated
plasma Hcy levels are present in mothers of children with
NTDs (Steegers-Theunissen et al. 1994; Mills et al.
1995). Several studies have shown that folate levels in
mothers of children with NTDs are not deficient but are
in the lower range of control levels (Kirke et al. 1993;
Steegers-Theunissen et al. 1994; van der Put et al.
1997b). Therefore, we have no indication for an overt
nutritional folate shortage but rather an indication for
an inadequate folate metabolism, pointing to reduced
function of enzymes involved in the Hcy metabolism
such as MS, MTHFR, or CBS. Complete sequencing of
the coding region of MS in NTD patients with elevated
Hcy levels gave no evidence for an involvement of MS
in NTD (van der Put et al. 1997c). Also, enzymatic and
molecular genetic studies on CBS did not implicate a
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major involvement of CBS in NTDs (Steegers-Theunis-
sen et al. 1994; Ramsbottom et al. 1997). Recently, we
discovered that a common genetic defect in the MTHFR
gene, the 677(CrT) mutation, resulting in reduced but
not abolished enzyme activity, is a genetic risk factor for
spina bifida (SB) (van der Put et al. 1995, 1996b, 1997a).
The 677(CrT) mutation is associated with a 2–4-fold
increased risk if the NTD patient or the mother is ho-
mozygous for this mutation (Ou et al. 1995; van der Put
et al. 1995, 1996b, 1997a; Whitehead et al. 1995). We
observed that the risk is mostly associated with sporadic
SB offspring and less with inherited SB offspring (van
der Put et al. 1996a). This mutation is associated with
even a sevenfold increased risk of sporadic SB offspring
if both the mother and her child are homozygous for
this mutation (van der Put et al. 1996a). The 677(CrT)
mutation results in elevated plasma Hcy levels and low-
ered plasma folate levels because of a redistribution of
folates and explains a substantial part of the observed
elevated Hcy levels in mothers of children with SB (van
der Put et al. 1995, 1996b). This risk factor is likely
modulated by folate levels in the body.

In order to locate other possible genetic risk factors
of NTDs, we examined, after exclusion of individuals
homozygous for the 677(CrT) mutation, the Hcy and
vitamin values of NTD patients and their parents. We
still observed elevated Hcy and decreased plasma folate
levels in NTD patients and their parents when compared
with controls (van der Put et al. 1997b), which indicates
the possible presence of other mutations in the MTHFR
gene. Here we present a second mutation in the MTHFR
gene, an ArC transition at position 1298. To investigate
the impact of this mutation on the folate/Hcy metabo-
lism and its potential role as a risk factor for NTD, we
examined the prevalences of the 1298(ArC) mutation,
the activities of MTHFR in isolated lymphocytes, and
the Hcy and folate levels in NTD patients, their parents,
and controls. The 677(CrT) mutation was included in
this study because it affects the MTHFR activity and the
metabolites converted by this enzyme. Therefore, we ex-
amined the effect of these common MTHFR mutations
separately and in combination with each other on
plasma Hcy, vitamin B12, red cell folate (RCF), and
plasma folate levels of families with NTD offspring.

Patients, Materials, and Methods

Patients and Controls

Patients with NTD and their parents were recruited
by the participation of the BOSK, a Dutch society for
patients with CNS defects and their parents (van der Put
et al. 1995, 1996b). This study group was extended by
a group from the pediatric neurology department of our
hospital, the University Hospital of Nijmegen. The total

study group consisted of families with mostly sporadic
SB offspring: 122 mothers (mean age 46.3 5 12.7 years);
103 fathers (mean age 47.4 5 11.7 years); and 109
children with NTDs (mean age 20.4 5 12.4 years).

The control group was recruited from a general prac-
tice in The Hague; all were volunteers (den Heijer et al.
1995). These individuals, aged 20–90 years, were invited
to participate in a health survey of risk factors for car-
diovascular disease. The 403 unrelated persons that
agreed to take part were used as control group in the
present study (mean age 51.2 5 13.7 years). None of
the controls suffered from NTDs nor delivered an NTD
child.

The protocol of this study was approved by the local
ethics committee, and a written informed consent of the
NTD patients, their parents, and controls was obtained.

Mutation Detection

By complete sequencing of the coding region of the
MTHFR gene (GenBank accession number UO9806;
http://www2.ncbi.nlm.nih.gov/irx/cgi-bin/
birxpdoc?genbank120556) from severe MTHFR pa-
tients (authors’ unpublished results) we observed a com-
mon mutation in this gene, an ArC change at base pair
1298, resulting in the substitution of glutamate by an
alanine residue. This 1298(ArC) mutation abolishes an
MboII restriction site and was confirmed by PCR on
genomic DNA followed by restriction enzyme analysis
with MboII. The PCR was carried out in a total volume
of 50 ml, containing 50 ng of the forward primer 5′-CTT
TGG GGA GCT GAA GGA CTA CTA C and 50 ng of
the reverse primer 5′-CAC TTT GTG ACC ATT CCG
GTT TG, 200 mM each dNTP, 10 mM Tris-HCl (pH
8.3), 50 mM KCl, 3.0 mM MgCl2 and 1 unit Taq poly-
merase (Life Technologies). PCR parameters were as fol-
lows: an initial denaturation step of 2 min at 927C, fol-
lowed by 35 cycles of 927C/60 s (denaturation), 517C/
60 s (annealing), and 72 7C/30 s (extension), and a final
extension for 7 min at 727C to ensure a complete ex-
tension of all PCR products. The amplified PCR frag-
ment of 163 bp was digested with the restriction enzyme
MboII, followed by gel electrophoresis analyses on a
20% polyacrylamide (PAA).

The 677(CrT) mutation alters an alanine into a valine
residue, creating a HinfI site. The presence of this mu-
tation was analyzed according to established procedures
(Frosst et al. 1995). In order to investigate if these two
common mutations appear in cis or trans in the DNA,
we performed an allele-specific PCR for the 677C allele
on cDNA of NTD patients and examined the 1298 ge-
notype by direct sequencing. We analyzed the cDNA of
those NTD patients for whom RNA was available and
were heterozygous for both MTHFR mutations (677CT/
1298AC); in total, we were able to analyze 10 patients.
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Figure 1 RFLP analysis for the 1298(ArC) mutation on a 163-
bp PCR fragment with MboII. The 1298(ArC) mutation abolishes an
MboII restriction site. Digestion of the 163-bp fragment of the 1298AA
genotype gives five fragments, of 56, 31, 30, 28, and 18 bp, whereas
the 1298CC genotype results in four fragments, of, namely, 84, 31,
30, and 18 bp. The figure depicts the three possible genotypes. The
18-bp fragment has been run off the gel.

The RNA extraction and cDNA synthesis were per-
formed as described earlier (van der Put et al. 1997c).
We used a forward primer specific for the 677C allele
5′-AGA AGG TGT CTG CGG GAG C and reverse pri-
mer 5′-CAC TTT GTG ACC ATT CCG GTT TG. The
PCR was performed by a 597C/60 s (annealing) and
727C/90 s (extension), the other PCR parameters were
not changed. The sequence analysis of this PCR fragment
was performed by automated sequencing (ABI Prism,
model 377, version 2.1.2), using the ABI Prism Taq
DyeDeoxy terminator cycle sequencing ready reaction
kit (Perkin Elmer), according to the instructions of the
manufacturer using the forward primer 5′-CCA GGC
CTC CAC TTC TAC ACC and the above-mentioned
reverse primer.

Enzymatic Analysis

MTHFR activities were determined in lymphocytes,
which were isolated from heparinized blood, by a ra-
diochemical assay in its physiological reverse direction.
Activities were determined after incubation at 377C and
after heat inactivation of the homogenate for 5 min at
467C (Engbersen et al. 1995; van der Put et al. 1995)
and were expressed in nmol formaldehyde/mg protein.h.
In this study, we designated MTHFR activity as ther-
molabile in case the residual activity after heat inacti-
vation was below 37% of the specific activity (van der
Put et al. 1995). Lymphocytes for MTHFR activities

measurements were available for 134 of the controls, 55
patients, 71 mothers, and 60 fathers.

Hcy and Vitamin Analysis

Hcy concentrations were determined in EDTA plasma
by high performance liquid chromatography with flu-
orescence detection as described earlier (TePoele-Pothoff
et al. 1995). Folate and vitamin B12 levels of heparinized
plasma and folate and vitamin B6 levels of red cells were
determined by using the Dualcount Solid Phase Boil Ra-
dioassay (Diagnostic Products). Since the NTD patients
had a lower mean age and were often taking medicine,
possibly affecting the folate/Hcy metabolism, we have
no appropriate control values for their Hcy and vitamin
values. Therefore, their Hcy and vitamin data were not
taken into account in this study. The Hcy and vitamin
data of controls or parents who were taking vitamin
supplements were also excluded.

Statistics

Odds ratios (Morris and Gardner 1989) and 95%
confidence intervals (95% CI) were calculated to esti-
mate the relative risk of the different genotype combi-
nations. Results are expressed as the mean value 5 SD.
One-way analysis of variance (ANOVA) was used to
estimate the statistical significant differences between the
mean values of the different genotypes, followed by pair-
wise Wilcoxon Rank Sum tests. P values were two tailed,
and P was considered statistically different.! .05

Results

Characteristics of the 1298(ArC) Mutation in the
MTHFR Gene

By direct sequencing of the coding region of severely
MTHFR deficient patients (authors’ unpublished re-
sults), we observed a common base pair change at po-
sition 1298: an A was altered into a C leading to an
amino acid substitution of a glutamate into an alanine.
This 1298(ArC) mutation in the MTHFR gene abol-
ishes an MboII restriction site and has very recently also
been observed in patients with ovarian carcinomas (Viel
et al. 1997). After restriction enzyme analysis of the 163-
bp PCR fragment with MboII, we expected and observed
the following: the 1298CC genotype results in 4 frag-
ments, namely 84, 31, 30, and 18 bp, whereas the
1298AA genotype gives 5 fragments. The 84-bp frag-
ment is cut in a 56 and 28-bp fragment, and thus base
pair lengths of 56, 31, 30, 28, and 18 can be observed.
These fragments that resulted from the digestion were
screened on a 20% PAA-gel (fig. 1). The observed fre-
quency of the C allele of the 1298(ArC) mutation is
0.33 for NTD patients, 0.28 for mothers, 0.34 for fa-
thers, and 0.33 for controls. Thus, we observed no in-
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Table 1

Prevalence and Calculated Odds Ratios with 95% CI of the
MTHFR Mutations Investigated by Restriction Enzyme Analysis with
HinfI and MboII in Controls, Patients with NTD, and Their Parentsa

Genotype 677CC 677CT 677TT

NTD patients:
1298AA 1b (9) 1.53 [95% CI:

0.64–3.64] (18)
1.92 [95% CI:
0.71–5.15] (10)

1298AC 1.12 [95% CI:
0.47–2.65] (17)

2.04 [95% CI:
0.89–4.70] (24)

NOc

1298CC 1.45 [95% CI:
0.52–4.08] (8)

NO NO

Mothers:
1298AA 1b (13) 1.18 [95% CI:

0.54–2.55] (20)
2.38 [95% CI:
1.05–5.53] (18)

1298AC 1.14 [95% CI:
0.54–2.38] (25)

1.06 [95% CI:
0.48–2.33] (18)

NO

1298CC 0.63 [95% CI:
0.21–1.90] (6)

NO NO

Fathers:
1298AA 1b (9) 1.70 [95% CI:

0.73–3.99] (20)
1.53 [95% CI:
0.54–4.32] (8)

1298AC 1.25 [95% CI:
0.53–2.93] (19)

1.70 [95% CI:
0.73–3.99] (20)

NO

1298CC 1.81 [95% CI:
0.68–4.86] (10)

NO NO

Controls:
1298AA (62) (81) (36)
1298AC (105) (81) NO
1298CC (38) NO NO

a The number of individuals is indicated in parentheses.
b Reference category.
c NO 5 not observed.

Table 2

Relationship between MTHFR Genotype, Specific Enzyme
Activity and Residual Activity Percentage in Controls and
NTD Patients and Their Parents

Genotype 677CC 677CT 677TT

Specific MTHFR activity:
1298AA 26.2 (56.7)a 17.5 (55.3)a 6.5 (52.6)a

1298AC 21.8 (55.1)a 12.5 (53.7)a NO
1298CC 16.0 (54.2)a NO NO

Residual MTHFR activity (%):
1298AA 66.0 (58.2) 56.1 (510.5)b 17.6 (514.4)a

1298AC 65.8 (58.8) 51.9 (59.4)b NO
1298CC 61.0 (58.5)c NO NO

MTHFR activities were determined in lymphocytes of 320
individuals. The mean specific MTHFR activity (5SD) is given
in nmol CH2O/mg protein*h. The residual MTHFR activity (%)
is the residual activity (activity after a preincubation for 5 min
by 467C) divided by the specific activity multiplied by 100%.

a P for 677TT vs. TC or CC; 677CT vs. CC; 1298CC! .0001
vs. AC or AA; and 1298AC vs. AA.

b P for the 677CT vs. 677CC, irrespective of the 1298! .003
genotype; and 677CT/1298AC vs. 677CT/1298AA.

c P for the 1298CC vs. AC or AA; NO 5 not observed.! .03

creased frequency of the mutated allele in the NTD pa-
tients and their parents when compared with controls.

Prevalence of the Two Common MTHFR Mutations

The observed prevalences of 677(CrT) genotypes in
combination with the 1298(ArC) genotypes in controls
versus mothers, fathers, and affected children are given
in table 1. The determined crude odds ratios and 95%
CI showed an increased risk of 1.53–2.38 for the prev-
alence of the 677TT genotype in the parents and their
affected children, respectively, versus controls (table 1).
Comparable odds ratios were calculated for the 1298CC
genotype (1.45–1.81) in the fathers and the affected chil-
dren. There was no increased risk observed for this ge-
notype in the mother. Furthermore, in NTD patients
there is a trend toward an increased risk for individuals
that have a 677CT/1298AC genotype (table 1).

We observed that an individual with a 677TT geno-
type always had a 1298AA genotype and vice versa. To
investigate whether these two common MTHFR mu-
tations appear in cis or trans we analyzed the cDNA of
10 NTD patients, who were heterozygous for both
MTHFR mutations, and performed an allele-specific
PCR for the 677C allele. The amplified 677C allele was

screened for the 1298 genotype by direct sequencing. We
observed that the 677T and 1298C allele are always in
trans and the 1298C never occurred on the 677C allele
(data not shown). Furthermore, we studied the transfer
of both mutations from the parents to their offspring
and observed in four different families that the mutations
had to occur in trans. We observed that, for example, a
mother with a 677CT/1298AC genotype gave birth to
a child with a 677TT/1298AA genotype. If the MTHFR
mutations would have occurred in cis then her affected
child would have been heterozygous for the 1298(ArC)
mutation, which was not observed. Obviously, these two
common mutations arose on different alleles, and be-
cause of their small distance on the chromosome there
has never occurred a crossover thus far in the studied
families and controls. Finally, we looked at the transfer
of the 677T and 1298C allele from the parents to their
NTD child and found a genotype frequency distribution
for both MTHFR mutations among parents and patients
that was as expected according to the Hardy-Weinberg
equilibrium (data not shown).

MTHFR Activities

To examine the effect of this new common mutation
on the MTHFR activity, we determined the activities of
this enzyme in isolated lymphocytes. The measured
MTHFR activities are independent of age and sex (van
der Put et al. 1995); therefore, all of the data of the NTD
family members and controls could be pooled. Table 2
documents the separate and combined effects of the
677(CrT) and 1298(ArC) mutations on the MTHFR
activity. The mean specific and residual MTHFR activ-
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Figure 2 Specific MTHFR activities in the different observed
genotype combinations for the 677(CrT) and 1298(ArC) mutations
in this gene.

ities are significantly lower in individuals with the
677(CrT) mutation in homozygous (677TT) and even
in heterozygous (677CT) state (ANOVA P ; sig-! .0001
nificant difference between all three genotypes P !

). A significant decreasing effect of the 1298(ArC).0001
mutation on the MTHFR activity is also observed in the
homozygous 1298CC as well as in the heterozygous
1298AC state (table 2). Furthermore, we observed sig-
nificantly decreased activities in individuals heterozy-
gous for both mutations, namely, 677CT/1298AC, when
compared with individuals that have a 677CT/1298AA
or 677CC/1298AC genotype (P ). Figure 2! .0001
shows the correlation between phenotype (MTHFR ac-
tivity) and genotype for both MTHFR mutations.

Although the residual enzyme activity of individuals
with a 677CC/1298CC, 677CT/1298AA, or 677CT/
1298AC genotype is significantly decreased (P ),! .03
only the 677TT genotype results in thermolability of the
enzyme (table 2).

Hcy Levels

Individuals with a 677TT genotype had, as reported
previously (van der Put et al. 1995, 1996b), significantly
elevated plasma Hcy levels when compared with indi-
viduals with a 677CT or 677CC genotype (table 3). In
our previous studies on NTD, we observed no significant
differences in Hcy levels between the 677CT and 677CC
genotype, probably because of the smaller sample size.
The 1298(ArC) mutation on itself, when the 677 ge-
notype was not taken into account, had no effect on the
Hcy value of an individual (table 3). This study shows
that combined heterozygosity for both MTHFR muta-
tions, the 677CT/1298AC genotype, does result in sig-
nificantly elevated Hcy levels (14.2 5 3.1 mmol/liter)
when compared with individuals that have a 677CT/
1298AA genotype (12.8 5 3.1 mmol/liter; P ), dem-! .05
onstrating that the 1298(ArC) mutation can affect the

Hcy concentration. There were no significant differences
observed between the Hcy values of individuals that had
a 677CC/1298AC or 677CC/1298CC genotype, when
compared with individuals with a 677CC/1298AA ge-
notype (table 3).

Vitamin Levels

The mean vitamin B12 or B6 levels in NTD family
members were not affected by the two MTHFR muta-
tions (data not shown). The mean RCF levels of indi-
viduals with a 677TT genotype were significantly higher
(630 5 192 nmol/liter) than those with a 677CT ge-
notype (526 5 157 nmol/liter) or a 677CC genotype
(530 5 125 nmol/liter) (ANOVA P ; significant! .02
difference between 677TT genotype when compared
with the 677CT or the 677CC genotype P ; see! .001
table 3). If the 677 genotype was not taken into account,
then the RCF did not differ between individuals with
the different 1298(ArC) genotypes (table 3). However,
we observed significantly higher RCF levels in individ-
uals with a 677CT/1298AC genotype when compared
with individuals with a 677CT/1298AA genotype (P !

). Furthermore, RCF levels in individuals with a.03
677CC/1298CC genotype were significantly elevated
when compared with individuals with a 677CC/1298AC
or 677CC/1298AA genotype (P ) (table 3).! .03

The mean plasma folate levels in individuals with the
677TT genotype for the 677(CrT) mutation (11.2 5
4.3 nmol/liter) were significantly decreased in compar-
ison with 677CT (13.0 5 4.2 nmol/liter) and 677CC
genotypes (14.4 5 4.8 nmol/liter; ANOVA P ;! .002
significant difference between 677TT genotypes when
compared with the 677CT and 677CC genotype P !

; see table 3). There were no significant differences.001
between individuals with the different 1298(ArC) gen-
otypes if the 677 genotype was not taken into account
(table 3). The plasma folate levels of individuals with a
677CT/1298AC genotype (11.7 5 4.4 nmol/liter) were
significantly decreased when compared with individuals
with a 677CT/1298AA genotype (13.3 5 5.8 nmol/liter;
P ; see table 3).! .04

Discussion

Recently, we showed that homozygosity for the com-
mon 677(CrT) mutation in the MTHFR gene is a ge-
netic risk factor for NTD in man (van der Put et al.
1995, 1996b, 1997a), which was confirmed by other
studies (Ou et al. 1995; Whitehead et al. 1995). We
analyzed the MTHFR gene by sequencing the coding
region and identified another common mutation in the
MTHFR gene, namely, an ArC change at position 1298.
This mutation has very recently also been observed by
SSCP in patients with ovarian carcinomas; however, no
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Table 3

Relationship between MTHFR Genotype and the Homocysteine and Folate Levels in Parents
with NTD Offspring

Genotype

677CC (n )5 82 677CT (n )5 78 677TT (n )5 26

Homocy-
steine (mmol/
L) 13.1 (53.4) 12.9 (53.4) 18.4 (58.3)a

Red cell fo-
late (nmol/L) 530 (5125) 526 (5157) 630 (5192)a

Plasma folate
(nmol/L) 14.4 (54.8) 13.0 (54.2) 11.2 (54.3)a

1298AA (n )5 88 1298AC (n )5 82 1298CC (n )5 16

Homocy-
steine (mmol/
L) 14.1 (56.6) 13.3 (53.7) 12.9 (53.0)
Red cell fo-

late (nmol/L) 531 (5154) 540 (5150) 575 (5154)
Plasma folate

(nmol/L) 12.6 (55.5) 12.5 (54.5) 13.5 (54.2)

677CC 677CT 677TT

Homocysteine (mmol/l):
1298AA 12.9 (52.8) (n )5 22 12.8 (53.1) (n )5 40 19.0 (512.5)a (n )5 26
1298AC 13.6 (54.0) (n )5 44 14.2 (53.1)b (n )5 38 NOc

1298CC 13.9 (53.9) (n )5 16 NO NO
Red cell folate (nmol/l):

1298AA 493 (5150) (n )5 22 483 (5119) (n )5 40 628 (5167)a (n )5 26
1298AC 527 (5126) (n )5 44 553 (5173)b (n )5 38 NO
1298CC 585 (5143)d (n )5 16 NO NO

Plasma folate (nmol/l):
1298AA 14.3 (56.0) (n )5 22 13.3 (55.8) (n )5 40 10.3 (53.6)a (n )5 26
1298AC 13.2 (54.5) (n )5 44 11.7 (54.4)b (n )5 38 NO
1298CC 13.7 (54.2) (n )5 16 NO NO

a P for 677TT vs. TC or CC; 677CT vs. CC; 1298CC vs. AC or AA; and 1298AC vs.! .05
AA.

b P for 677CT/1298AC vs. 677CT/1298AA.! .05
c NO 5 not observed.
d P for 677CC/1298CC vs. 677CC/1298AC or 677CC/1298AA.! .05

additional data concerning this mutation was given (Viel
et al. 1997). This mutation causes a glutamate to alanine
substitution in the MTHFR protein, abolishes an MboII
recognition site, and has an allele frequency of 0.33. This
ArC mutation at position 1298 results like the
677(CrT) mutation in a decreased MTHFR activity
(ANOVA P ), which is more pronounced in the! .0001
homozygous than the heterozygous state but did not
result in a thermolabile protein (table 2). The 677(CrT)
lies in the catalytic domain of the protein, whereas the
1298(ArC) is located in the presumed regulatory
domain.

We examined the prevalence of this mutation and the
already known 677(CrT) mutation among NTD pa-
tients, their parents, and controls (table 1). We observed
that homozygote subjects for either one of the MTHFR
mutations always had a wild type for the other mutation.
By direct sequencing of cDNA of the amplified 677C

allele of NTD patients heterozygous for both MTHFR
mutations, we observed that the two MTHFR mutations
were never present on the same allele in the studied in-
dividuals. It is likely that the 677T and 1298A mutations
evolved on different alleles and a crossover has not oc-
curred in the studied individuals. Yet, it is possible that
if both mutations would occur in cis this could result in
a selection against these individuals because of a severe
clinical phenotype. Theoretically, the effects of both mu-
tations in cis on the MTHFR activity could be studied
in an expression system. However, the known Escheri-
chia coli expression system for the MTHFR gene does
not hold the region of the 1298(ArC) mutation (Frosst
et al. 1995), so we are not able to study the effects of
both mutations in cis on the function of the MTHFR
protein.

Although the 1298(ArC) mutation has a significant
effect on the MTHFR activity (table 2), neither the ho-
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mozygous or heterozygous states for the 1298(ArC)
mutation are associated with higher Hcy or a lowered
plasma folate concentration (table 3), phenomena that
are evident with homozygosity for the 677(CrT) mu-
tation (table 3). However, there appears to be an inter-
action between the two common mutations in the
MTHFR gene. Heterozygosity for both mutations re-
sulted in an even lower MTHFR activity than heteroz-
ygosity for either of the MTHFR mutations separately
(table 2), resulting in significantly elevated Hcy and de-
creased plasma folate levels (table 3).

In general, the 1298(ArC) mutation influenced spe-
cific enzyme activity and Hcy and folate concentrations,
but to a lesser extent than the 677(CrT) mutation. It
may be expected that the 1298(ArC) mutation is also
a risk factor for NTD, but with a smaller relative risk
than the 677(CrT) mutation. Indeed, the frequency of
the 1298(ArC) mutation in NTD-affected children
tended to be increased, which also suggests that this
mutation is a genetic risk factor for this developmental
anomaly (table 1). Especially under conditions of low
intake of folates or during high requirements of folate,
like pregnancy, this mutation could become of clinical
importance. The observed odds ratios for the
1298(ArC) are not significant, possibly because of the
small sample sizes in the different categories of the dif-
ferent genotypes. Therefore, the prevalence of this mu-
tation needs to be determined in large groups of NTD
populations.

The product of MTHFR, Me-THF, is the predominant
circulatory form of folate, whereas the noncirculating
forms of folate such as the substrate of MTHFR, 5,10-
methylenetetrahydrofolate, are mainly inside the cell.
The effect of decreased MTHFR activity on folate me-
tabolism, because of homozygosity for the 677(CrT)
mutation and heterozygosity for both mutations, results
in a redistribution of the different folates that is reflected
by the decreased plasma folate levels (table 3). Very re-
cently, Molloy et al. (1997) observed decreased RCF in
individuals that were homozygous for the 677(CrT)
mutation. In this study, we excluded from our vitamin
and Hcy analyses the data of NTD patients and indi-
viduals that were taking vitamins. Again we did not
observe decreased RCF levels in individuals that are ho-
mozygous for the thermolabile mutation, but rather we
observed increased RCF levels. This discrepancy may be
due to the different folate assays used (Molloy et al.
1998). We applied the radioassay, whereas Molloy et al.
used the microbiological assay. Different assays have dif-
ferent affinities for different kinds of folate metabolites.

Since the effect of homozygosity for the 677(CrT)
mutation on Hcy levels can be compensated by addi-
tional folic acid intake (Kang et al. 1988; Malinow et
al. 1997), it is very likely that the effect of compound
heterozygosity for both common MTHFR mutations

may also be overcome by folate administration. By an-
alyzing the frequency distribution of the 677TT and
677CT/1298AC genotypes among NTD patients and
their mothers, our findings provide an explanation for
the protective role of folate in the etiology of NTD for
maximally 36%–50% (table 1). In order to obtain high
enough Me-THF levels for an adequate Hcy metabolism,
individuals with a decreased MTHFR activity obviously
need a higher dietary intake of folate. Several studies
even pointed out that folate intake high enough to pre-
vent NTDs cannot be achieved by a diet of folate-rich
nutrition (Verhoef 1996). Only intake of folate supple-
ments or fortified foods such as flour and cereals can
achieve these daily recommended values.

In conclusion, next to the 677(CrT), mutation we
identified a second common mutation in the MTHFR
gene, the 1298(ArC) mutation, which, like the
677(CrT) mutation, affects enzyme activity and con-
centrations of Hcy and folate in the plasma and the cell.
Although the observed odds ratios in patients and their
parents are modest and did not reach significance, this
1298(ArC) mutation is likely a genetic risk factor for
NTDs, with a lower relative risk than that of the
677(CrT) mutation. Large groups of NTD patients and
their parents need to be studied to confirm our tentative
conclusion. From the point of view of general health
care, the observed risk factor is of great importance be-
cause of the high prevalence of homozygous and het-
erozygous individuals for both mutations in the general
population. Homozygosity of the mothers and NTD
children for the 677(CrT) mutation and heterozygosity
for both MTHFR mutations can at the very most explain
36%–50% of the observed protective effect of folate.
Since periconceptional folate administration reduces the
risk for NTD for x72% (MRC Vitamin Study Group
1991; Czeizel and Dudas 1992) there may still be other
defective genes present in the folate, vitamin B12, or Hcy
metabolism associated with an increased risk of NTD
offspring.
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